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Abstract Wc have investigated scattering properties of aggregates, emphasizing the size
of constituent monoiers comparable with the wavelength of visible light, in order to
model the scattering propertics of cornctary dust. This has differentiated our study from
previous investigations of aggregates in whichi the size of the monomers was much smaller
than the wavelength. For aggregates, the absorption cross scctions tend to have less
steep slopes towards longer wavelength, typically, Cape~A"1. Consequently aggregates of
absorbing material are cooler than the individual monomners, because the aggregates radiate
more efficiently in the infrared. The polarization is sensitive to the shape and size of the
constituent monomers as well as to the fine struct ure of the aggregate. Generally aggregates
of highly absorbing matcrial produce strong positive polarization around 6, = 90°, but 110
negative polarization ncar the backward dircetion. In contrast, silicate aggregates arcthe
major source of strong negative polarization at larger scattering angles. A mixture of both
carbonaccous and silicate aggregates results ina polarization curve which largely matches
the observed ncgative polarization at 6, < 20° and the maximumn peak around §,= 90°
fox’ cometarydust. The saine mixture also gives a rcasonable rise of the phasce function
toward the backward direction, which is similar to the phase function of comectary dust.
Thus, we find that aggregates with constituent monomers a fcw tenths of a micron in
size and with intermediate porosity (2 0.6), similar to chondritic aggregate interplanctary

dust particles, are a rcason able analog for comctary dust.
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1 Introduction

To interpret remote sensing observations of astronomical dust, including dust in
comets or in the disks surrounding young st ars, an understanding of the scattering prop-

crtics of small particles is needed.

Comcts arc observed under a Variety of sc attering geomnetries. The observed quantities
include thermal emission and its spectral energy distribution, geometric albedo, phase
function, and polarization. Since the dust coma is optically thin, the observed quantities
can be related to particle scattering properties. The thernal cinission has been used to
cstimate the size distribution and the rate of dust mass 10ss from the nucleus. Changes in
the dust scattering properties with position in the coma arc often interpreted in terins of
changesinthe size distribution, due to fragmentation, velocity sorting, or subli mation of
volatile inantles. Such interpretation requires knowledge of basic scattering propertics as

a function of particle size, structure, and coinposition.

Natural particles often have anaggregate structure, especially those that haVC grown
by coagulation (Mcakin & Donn 1988, Praburamn & Goree 19’35). 1’articles “grown” in
the computer by diffusion lnmted aggregation or cluster- cluster aggregation also exhibit
aporous aggregate structure (e.g. Kozasactal. 1992,1993). Cometary dust particles
arc likely to havcan aggregate structurc, based 011 theinorphology of interplanictary dust
particles (1DPs) collected in the stratosphere (13rownlee 1 985). The class of chondritic
porous IDPs are thought to be of coinctary origin because of their unequilabrated mineral

mixture, high carbon content, and relatively highatmospheric entry velocities. These




aggregate particlesare typically composed of grainsa few tenths of a micron in diamecter.

Modern computing power offersthe possibility to compute the scattering prop erties
of non-spherical particles by a varicty of techuiques. Most authors who have studied the
scattering by aggregate particles create aggregates composed of compact units, hereafter
“monomers”, that arc small comparcd to visual wavelengths. Yet West (1 991) and Zerull et
al. (1 993) have shown that monomer size strongly influences the scattering by anaggregate
particle.

Conscquently, we have constructed aggregate particles as clusters of monomers which
arc siiilar in size to the grains in chondritic aggregate 1DPs. Since scattering proper-
tics also depend on particle shape, we have cxamined two very different shapes for our
mounomers, spheres and tetrahedra. In this paper, we present our results for the cross scc-
tions, temperature, phase function, and polarization of aggregate structures and compare

them with the remote sensing observations of cometary dust.




2 Aggregates and the DDA Method
2.1 Aggregate model of cometary dust

Following our astrophysical argumentsin the preceding section, we represent cometary
dust particlesasaggregates of monomers. Monomersinone aggregate are further assumed
identical in size, shapc and constituent inaterial. We have chosen to study two groups of
aggregates, namncly, aggregates consisting of 4 monomers and of 10 monomers (Figure
1). 111 the former group, 3 monomers arc positioned orthogonally with regard to the
4th monomer (“center”). 111 the later, one monomner is positioned at the center and the
other nine arc located around it more or less randomly. In cach group, we further let the
distances between surrounding monomers and the central one vary so that “Overlapping”,
“Touching” and “ Separated” cases can beidentified to roughly represent cometary dust
particles with different porositics. The individual monomers may also take the shape of
cither a sphere or a tetrahedron. This will enable us to examine the possible shape effects
of the constituent monomers. The choice of tetrahedron as one possible morioner shape is
based on the considerations that such a shape renders the largest deviation fromn a convex
regular shape like a sphercand tends to introduce more irregularity when monomers arc

packed together with randoin individual orientations i an aggregate.

The constituent particlesinaggregate IDPs typically have dimensions a fcw tenths
of amicron. Therefore, we have selected v, = 0.25um. At our reference wavelength of
0.6yt {or the polarization calculations, this radius gives a size paramcter &, = 2.62, large
cnough to be well away fromn Rayleigh scattering. Somne calculations were also perforimed
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for ry, = 0.50pm. Here, wecarclimited by the memory size for storing the dipole array.

Figure 1

2.2 The DDA Method

The discrete dipole approximation (DDA)mcthod is one of several discretization
methods (Goedecke and O’Brien 1988, Draine 1988, Hage and Greenberg 1990) for solving
scattering probleinsinthe presence of a target with arbitrary geometry. It is a particular
implementation of the method of moments (Harrington 1968) - a general prescription
for discretizing the integral form of Maxwell’s equations. Since Purcell and Penncypacker
[1973] first applied it to astrophysical problems two decades ago, the DDA method has been
improved greatly by rescarchers (Draine 1988, Goodinau ct al. 1991, Draine and Goodi nan
1993, Draincand Flatau 1 994)and gained popularity among scientists due to its clarity
in physics principle and a free implementation of it in FORTRAN (DDSCAT package,
Drainc and Flatau 1994). Basically the DDA mncthod works by using a finite array of
polarizable points to approximate the continuuin target. These points thus acquire dipole
moments in response to the local electric fields and interact with one another through
their electric fields. It hasthe ability to computethe scattering properties of objects with
arbitrary gcometry if the necessary number of dipoles are used. The number of dipoles
nceded depends on the accuracy required. In principle, DDA can be arguably applied to
an object of any type. In practice, its applicability is however limited by the capacity of

computing resources and the nature of the problem. These issues will be further addressed




inthe following paragraphs.
2.3Comp utationalConsideration

In our research work, wc usc the D DSCAT code (version 4b.1, Draine and Flatau
1 994), developed by Draineand his collaborators, to calculate scattering properties of
aggregates on supercomp uters.  In its original form, the DDSCAT code has been well
tuned torunon workstations. When cinploying it on supercomputers, customization is
nceessary inorder to utilize the advantages offered by the vector and parallel architectures
of Cray machines. Generally, DDA calculations require choices of the locationsand the
polarizabilitics of the dipole points which represent the objects. Auxiliary codes were thus
developed to prepare the aggregate structuresin our study asdipolecarrays residing on a
cubic lattice, which can befed to the D DSCAT code as input s. The Lattice Dispersion
Relation (LDR) method is sclected as the default to assign the dipole polarizabilities,
because it has beenshown to give the best numerical results (Draine and Flatau, 1994).
Wc also modificd the output format of the DDSCAT code so that the complex amplitude
quantitics are saved instead of the intensity as in its original formn. In doing so, wc gainthe
flexibility to obtain and study more types of scattering related quantitics. This becomnes

especially helpful when dealing with the averaging over many particle orientations.

There arc two criteria for validity of the DDA mncthod: (1) the wave phase shift
p=|mlkd over the distance d between neighboring dipoles should be less than 1, (2) d
must be simall enough to describe the object shape satisfactorily. A detailed comparison

study by Draine and Flat au [1994] deinonstrated that scattering and absorption cross
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scctions can be calculated by the DDA method to accuracies of a few percent for objects
with || < 2, provided that the criteria claborated above arc satisfied. Since the DD A
method docs not give preferential treatment to target geometry, their conclusion based on
the examination of single and double compact spheres shall serve well as a guidelinein the

DDA related research work.

Our experience with the DDSCAT code further shows that a strict compliance with
these criteria without regard to the resultant quantities may either lead to erroncous
conclusions or waste of precious computing resources. For example, the @ efficiency factors
arc generally mnuch less sensitive to those criteria, and it is usually sufficient to let the value
of pbe around 1 or possibly bigger. Onthe contrary, when decaling with the polarization
problems, since the angular-dependent scattering amplitudes, especially innear backward
directions, arc small in mnagnitude and very scusitive to the fine structure of the aggregate,

one should demand p to bearound 0.5 or less.

W c can estimmate the typical number of dipoles nceded to obtain a reliable compu-
tational result using thec DDSCAT code. Take an individual spherical monomer in our
aggregates as aun example. When represented in 3-dimensional array of N,, dipoles, its
volume is N,,, d*, which must be equal to 4mrd /3, wherer,, is the monomer radius. This

leads to

_47r
3

(Zi_’i s (1)

Ny = d

Since d is related to p via d = p/(|m|k) and wavenumber k == 27 /A, one further has
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If one is interested in scattering propertics at light wavelength A = 0.6m and the material
is chosen as highly absorbing glassy carbonfor which m= 1.88 + 0.71 7, N,, is estimated
tobeGl1for p=1atr,, = 0.25/1?72. Henceinthis typical case, 600 dipoles per monomer
arc the minimum for computing the cfliciency factors. A similar application of ¥q. (2) for

p = -0.5 gives 4885 dipoles per monomer as required for the polarization calculations.

‘I"able 1 and 2

Listed in Tables 1 and 2 are a fcw parameters describing these two groups of aggre-
gates. Cautionsare necded when referring to the porosities listed here. Usually aggregates
arc describedinteris of porosity, I’=- 1 -- V,, /Vy where V), is the voluine of the mate-
rialin the aggregate and Vj is the voluine of the sphere enclosing the aggregate. This
concept inakes sense when the material is fairly uniforinly distributed within the voluine
enclosed by thesphere. Ina very filamentary particle, where thenaterial is not spread
out uniformly within the cilclosccl voluine, the concept breaks down. Light interaction
occurson a scale comparable to the wavelength and, if z,, _> 1, thelight interacts with the
individual solid monomers. For our aggregate of 10 monomners, it is reasonable to define
the total volume of the aggregate compared to that of a circumscribed sphere, and the
above definition of porosity makes sense.

Inthe current study, wc arc prinarily interested in the scattering properties of ag-
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gregates randomly oriented in space. Inits original form, the DDSCAT code allows for
averaging over random orientations. However it is useful only whenthe computation of
the! total average can be well fitted into a single batch queue onasupercomputer, which,
in practice, always has an upper limitof CPU time to ensure the fairness among diflerent
users. Ascomputation becomes CPU time intensive as in our study, it is not possible
to have the total average completed within one single batch queue. There is a need to
scparate the calculation of scattering prop ertics in single orientation and the averaging
over many different orientations. Wc, thus, modified partof the DDA codeand choose the
output to be all four complex amplitudes of the scattering matrix. The average is further
done by a fcw auxiliary codes. Indoing so, wc not only, in a way, overcome the restriction
of lilnitccl-time batch queue, but also gain cert ain benefits of parallelism as offered inmnod-
cru supercom puters. It is possible and advantageous to calculate scattering properties of
scveral single orientations simultancously, each of which is on a different processor. Given
the multi-processor architecture of modern supercomputers, such an approach definitely

improves the performance on either the speed or the size of the problemn at hand.

Following the D D SCAT code’s notation, a particle’s spatial orientation is uniquely
determined by three rotation angles: 8,6, ¢. The polar angles § and ¢ specify the direction
of the particle’s principal axis ill the Lab Frame. The object is then assumed to be rotated
around this axis by anangle 8. Qur basic assumption in the current study is that aggregates
in space are randomly oriented and scattering of light by cach aggregate is independent

of that of others. Following the practicc of the authors of the DDSCAT code, wc let the
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sainple points be distributed uniformly in the range of [0, 360) for both 8 and ¢, and [--1, 1]
for cos(8). We use tuple(ng,ng,ng) to denote that there areng angles chosen for 8,ny

for § and ng for ¢.
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3 Modelling Aggregates
3.1 T'he Cross sections

The wavelength dependence of the absorption cross section is the basic quantity for
computing the temperature of small particles, whether cometary or interplanctary dust in
the solar radiation ficld or dust in circumnstellar disks. The absorption cross section is also

necessary to relate the observed therinal flux to the mass of emitting dust.
Figure 2

130th IDPsand comet dust are carbon-rich and low i albedo. Thus, we used the
wavclength-dep endent refractive indices of glassy carbon from ¥doh (119,3) plotted in
Figure 2. We have computed cross sections for 10-1mmonomer aggregates at monomer size
T = 0.25pm and 0.5m. Presented in Figure 3 (r,,= 0.25um)and Figure 4 (r,, =- 0.5um)
arc the wavelength dependent values of the cross sections (absorption, scattering and
extinetion) per volume, i. €., Cops/V (1), Coca/V (pm= 1), and Copy /V (pm™1))
for aggregates in a single spatial orientation,assuining the light is coming from the bottomn
in Figure 1. The values for a single sphere and single tetrahedron of size equal to that
of monomersinthe aggregates arc also plotted for commparison. The values for thesingle
tetrahedron were also obtained using the DD SCAT code by averaging over (8,9, 32) spatial
orientations. The single tetralicdron was represented by 673 dipoles at A > 3pum and1 072G
dipoles at A < 3pm, to ensurc p = |mlkd < 1 at both r,, = 0.25pm and r,,, == 0.5um. The
values for a single sphere were talc.ulated by a standard Mic code. All computed values by
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the DDSCAT code arcrepresented as plus signs.

Figure 3 and 4

The asymptotic values of Coabs [V, C5 o /V,Cert /V for each aggregate as well as the
single tetrahedronat A== O, were obtained by counting the number of dipolesin the volume
and the number of dipoles projected onto the plane perpendicular to the incident light, and
taking into account the fact that,at A== O, Qabs= 1, Qsca = 1and Qear = Qabs 1 Qsca = 2.
These values arcused to extrapolate the values of cross sections for A <1umn.

For the aggregates shownin Figure 3 and 4, the validity criterion p <1 is satisfied
at A > 1 mn os 2um respectively. ‘] ’c? assure that the cross sectionsat A <2pum, including
those by extrapolation at A <1pum, arc accurate cnough for our current discussion, wc
have 1nadc onc morc CPU-expensive calculation for the 10-monomer “Touching” aggregate
of spherical monomers at A =- 0.6um and r,, =0.25pm using about 5100 dipoles per
monomer. In this case, p=:|m|kd= 0.4934 < 1.Thesec results arcplotted as trianglesin
Figure 3, and the relative differences arc smaller than 1% compared with the corresponding
extrapolated values. This reflects the general insensitivity of Q cfliciency factors to light
wavelength atz,,==27r,, /A > 1.

Thefilled circles in Figure 3 arc values calculated by averaging over (8,9, 32) spatial
orientations for the 1 0-monoiner “Touching” aggregate consi sting of tetrahedral monomers
with r,,== 0.25pum at A= ], 2 and 20um. Their agrcement with respective values for
a single orientation confirms our general experience with the DDA method that cross
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scctions are not sensitive to the orientation for approximately equidimensional particles.
Furtheriore the geometric cross-section of our aggregates varies with orientation by < 2%.
Thus we have confidence inusing absorption values for asingle orientation to model the

temperature of cometary dust inthe next section.

The cross sections shownin Figure 3 and 4 sharea fcw general features, whichare
independent of monomer shape and size as wc]] as aggregate structure. All curves have a
turn-over pointaroundz.ss =1, whercaesy is the voluine-equivalent size parameter for
aggregates andsingle tetrahedron. Tllc cross sections are alinost flat for z.;7 > 1, but
exhibit various slopes at 2,55 < 1. All C,,, /V curves follow A™* atlonger wavelength
as cxpected for Rayleigh scattering. Extinction cross sections resemnble absorption cross

scetions closely since our aggregates are highly absorbing particles.

The Caps /V curve for a single sphere varies as A~!7 at long wavelength. The same
slope holds for the “Separated” aggregate of spheres, for the light interacts primarily with
the individual momnomers. The “Overlapping” aggregate of spheres also rescinbles a single,
but “cflectively” larger sphere than its constituent monomer. However, the “Touching”
aggregate produces a ICss steep Slope> Caps~A~1.  As for the aggregates consisting of
tetrahedral monomers, the absorption also has aslope of Cyp,~ A~ 1. So does the absorp-
tion of a single tetrahedron. Conscquently, at A> 100~/7n, the tetrahedral aggregates and
the “Touching” spherical aggregate have C,,, values a factor of 5 ormore higher than that
Of asingle sphere. This difference is important for relating subimillimeter and mid-infrared

observations and for estimmating the mass of circumstellar disks fromn the submillimeter
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fluxes. Our result is in agreement with that of Bazell and Dwck (1990), but in contrast
to that of Kozasa ct al (1 992). The latter didn’t find an enhancement of the infrared flux
for their aggregates compared to a sphere.  Since their aggregates were very porous in
structure, reseibling more our “scparated” aggregates of spheres, it is not surprising that
the scattering propertics arc similar to that of the constituent particles.
3.2 The Kquilibriuin Temperature

The cquilibrium tempera.turcs of cometary dust aggregates arc calculated by equating

the solar radiation absorbed to the thermal radiation emitted using the following equation:

VN2 oo 0o
(1) - ( / 4530, 7)Can(N)N) / / S(N)Car(A)dA) @)
r 0 0

whererg =- 1 AU, rin AU is the heliocentric distance of the dust grain, Caps(A) the
absorption cross scction of particles, S(A) the solar flux at 1 AU, and B(A,7") the Planck

functionfor the emitting particle. The results calculated for 10-monomer aggregates arc

shown in Figure 5.
Figure 5

It is evident from Figures 3 and 4 that aggregate structure, inonomer shape, and
size all influence the scattering properties. This result affects modeling the temperature
properties of comctary dust. The temperaturesin Figure & canbeunderstood by reference
to Cais/V, specifically the ratio of Cupe at A < 1gom, where the solar flux is absorbed,
to Cabs at 1 20um, where the absorbed energy is reradiated. Hanner (1 983) showed
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that absorbing spheres of radiusless than 1.5pm will be hotter than a blackbody, with

teiperaturcinversely correlated with size, and wc scc that C,,, decrcases steeply in the
infrared for single spheres. Since the slopc of Cypsin the infrared is less steep for the
aggregates, wc expect that aggregates of subinicronmonomers will tend to »e cooler than

a single monomer.

When themonomersare toutllillg (porosity P 0.64) or overlapping (P = 0.3), the
temperatures arc the same as those of a sphere with voluine equivalent to the aggregate,
within ~ 3%. As the monomer separation increases, there is less interaction between
them and the temperatures approach those of a single inonomer. For the case of spherical
monomers with 3r,, scparation ( “Separated” case I’ 0.84), the temperatures arc 4 —
6% lower than the monomer temperature. In contrast to the spheres, the “Separated”
tetrahedra have teinperatures significantly lower than a sphlicrical inonomer and about
5-- 8070 lower than that of asingle tetrahedral inonomer. Thus, the transition between
temperatures closc to the monomer and temperatures closc to the total voluine equivalent

sphere occurs at porositics > 0.64, regardless of mnoniomer shape or size.

At small heliocentric distances, the Planck function peaks in the near-infrared, on
the flat part of the C,;,/V curve, aud thus the temperatures approach the blackbody
temperature.

3.3 Degree of Polarization

The degree of polarization versus phascanglef, = 1SO°- 8(@is the scattering angle)

o bserved in comets is displayed in ¥igure 6. One sccs negative polarization of a fow percent
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ncar the backscattering direction, a cross-over near ¢,= 20° and maximum polarization
Pama o 1icar 8, = 90°. The negative branch and crossover point are remarkably consistent

among comets, while pyqa, can vary between 0.10 - 0.25 (L evasscur-Regourd et al. 1996).

Figure 6

It is well known that polarization is strongly dependent on the shape, as well as the
size and refractive indices of the scattering particle. In this section, wc investigate how the
aggregate structurcand porosity influcncethe polarization and whether the polarization
by sinall aggregates rcsembles that incomets, particularly the negative polarzation at
0, < 20°.

‘1’0 modecl the randoinly oriented particles in the comet comna, it is necessary to have
the scattering properties of our irregular aggregates averaged over all of the possible ori-
cntations, i.e., # : [0, 3600), € : [0, 180°] and ¢ : [0, 3600). Since wc have linited computing
resources, it is necessary to know how inany sample points are needed to achicve the de-
sired accuracy. The answer to this strongly depends on the scattering properties under
consideration as well asontheaggregate configuration.

In previous scctions, it has been shown that the @ efliciency factors arc not very
scnsitive to aggregate orientations, given that the aggregate has a more or less random
structure. However, as weturn to the problemn of polarization, the orientation dependence
becomes complex and subtle. This is evident in Figure 7a, where the polarization curves are
shown for a single tetrahedron with several spatial orientations. Itis geuerally impossible
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to predict the averaged bchavior based onthe polarization curve at individual orientations.

Figure 7a, b,c,d.

To investigate thc necessary number of sample points for each of the three orientation
angles, wc choose a sin gle t ct rahedron because it renders strong irregularit y when posi-
tioned arbitrarily in space. Followingthe practice of the authors of the DDSCAT code, wc
let the sample points to be distributed uniformly in the range of [0, 360° ) for both S and ¢
and [- 1, 1] for cos(8). Tuple (ng, ng, ng) is used to demote that there are ngangles chosen
for B, no for  andny for ¢. We let m = 1.88-40.71z, A = 0.6pm ant] the cquivalent-
volume radius r. 5y = 0.25pum. Thesingle tetrahedron is represented in anarray of 10726
dipoles, which leads to p=|m|kd=- 0.3846. Shown in Figure 7b arc polarization curves of
(1, 1,ny) withng, =- 4,8,16,32,64. Curvesof (1, 1, 16), (1, 1,32) and (1, 1,64) arc basically
indistinguishable from each other. It is sufficient to set ng =32 from now on.Presented in
Figure 7c arc curves for (4, 5, 32), (8, 5, 32), (8, 9, 32), (16, b, 32) and (16, 9, 32) and thc
differences between (16, 9, 32) and the rest arc depicted in Figure 7d. It is evident that
(8, 9, 32) already givesa good convergence around 1%. Thiskind of accuracy is sufficient
for our current study. Inour average calculation of aggregates, we use (16, 5, 32).

To {ind out how the polarization of aggregates depends on monomer/aggregate size,
porosity, monomer shape, and, most iinportant, when the “ncgative polarization” will
appear, wc carried out, computationsfor the two groups of aggregates as describedin

Scction 2: aggregates consisting of 4 monomers and those of 1 0O monomers (Figure1). The
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refractive indices used at A=0.6pm is m = 1.88 + 0.71: for glassy carbon,an absorbing

material typical incometary dust. Monomers of size r,, = 0.25um well represent the
substructure inIDPs. Theresultant polarization curvesaveraged over (16, 5, 32) spatial
oricntations are presented in Figure 8and 9.  Also plotted are polarization curves of
corresponding Mic spheres with equivalent volume, which arc on the right handside. In
cach figure, polarization by a single sphere or tetrahedron of the mmonomer size is shown
ontop and bottom. These shall represent the asymptotic cases of ‘(fully overlapping” or
“totally scparated”, which serve as good references when discussing porosity effects. The
curves for thesingle tetrahedron arc averaged over (1 G, 5, 32) too. It must be noted that
wc were notable to obtain the results for the “Separated” aggregates of 10 monomers,
since the inemory requireinents for comnmitting such calculations arc beyond the capacity

of the Cray machines wc usc.

Figure 8and Figure 9

Figures S and 9 show that both monomer size ant] shape and aggregate porosity
influence the polari zation. Clearly, equivalent volume spheres are a poor approximation
to the polarization by aggregates, even aggregates of spherical imnonomers. Thus, the old
practice of using a volume-equivalent compact sphere to represent all aggregate is not
rcliable for polanzation calculations.

Aggregate structure tends to mnute the amplitude of features scen in the monomer
polarization. This is true for both spheres and tetrahedra and is most evident inthe
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“Touching” case. For all 4 of our “’Touching” aggregates, the features arcsimoothedand
the trend is toward a broad maximum of ppaex ~ 0.5. The anticipated trend with porosity
is evident if the curves at the left hand side of each figure arc observed; i.e., polarization
by an aggregate will converge to that of a single compact monomer as the monomers in the
aggregate become fully overlapping or widely scparated. Our “Separated” case (’== 0.84)

differs little from a single monomer.

Polarization curves can largely be understood when one tries to visualize aggregates in
the “wavelength way”. The light sccs particles in scales measured by its wavelength. It will
not be able to scrutinize st ructures much large.r or smaller that its wavelength. This is very
well reflected in the polarization curves. For “Overlapping” and “Touching” aggregates,
the light sces morc or less a compact particle with larger size. That is why more oscillatory
features arc scenin the polanzation curve. When coming into “Separated” aggregates, the
light can not be fooled and sees the interspace between monomers, thus view the total

aggregate as an enscible of monomers.

If the monomers arc tetrahedra, the polarization curves of aggregates seem to be
smoother than those of aggregates with spherical monomers. This is probably because ag-
gregates consisting of tetrahedral mmonomers have more irregularity in structure. This kind
of irregularity has a dimensioninthe range of the light wavelengthand makes noticcable
contributions to polarization, whichlead to many, but tiny, oscillatory features. The nct

result of this is anapparently sinooth polarization curve.

The nunber of monomersin aggregate comes into play via contributing material.
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Larger number means more material in aggregate, thus, a bigger particle, resulting in
featurc-abundant polarization curve. Oneinteresting thing to note is that, in Figure 9, the
polarization curves of “Touching” aggregate show a relatively sharp feature around 6= 30
for both of spherical and tetrahedral types. Wec firstly suspected that there might bea flaw
inthe DDSCAT code. After comparing thein with corresponding ones of equivalent-volume
Mic sphere, we were mnuch convinced that this is not artificial. This near-forward-direction
feature sceinly has something to do with the structure of aggregate rather than the shape

of imdividual monoiner,

Somec calculations have been done for ry,, == 0.5/0m. The results for 4-monomer “Touch-
ing” aggregates are shown in Figure 10. Wc have used the sainc dipolc arrays as in the
cal culation Of r,, = 0.25um, which have already reached the upper linit of memory size
on the Cray machines accessible to us. Ounc concernhere is whether the computational
results at thismonomer size can be trusted since the value of p=:|m|kd is now around
1. Henee one more calculation] was perforined for the 1 0-spherical-inonomer “T'ouching”
aggregate at monomer Size r,, = 0.25um, using a dipole array with numbers halved in
cach spatial dimension (p= 0.9861 ). The polarization curve is plotted together with the
onc obtained by full size dipolcarray (p= ().4934) inFigurel 1. Both curves arc spatial
orientationaverages over (1, 1, 64). They follow each other closely with a general deviation
lessthan 0.05. ‘Thus Wec arc confident to use Figure 10 for r,, = 0.5pum in our discussion

of the general trends.
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Figure 10 and Figurc 11

By comparing Figurce 10 with Figure. 8§ of the saine aggregate, wc sce stronger deviation
cause by mmonomer shape at larger aggregate size. Following our argument in preceding
paragraphs, the 4-tctrahcdral-m onomer aggregate of r,, = 0.5um seems to have larger
irregularity as seen by light of A= 0.6y than that of r,, == 0.25um.Since the scale of
wavclength and particle size arc inutual translatable, wec suggest that irregularity is likely

wavclength dependent.

Clearly, none of the above curves for absorbing aggregates exhibits negative polar-
ization ncar the backscatter direction like the comet dust does. Since dielectric mate-
rial like silicate is able to produce larger ncgative polarization, wc also computed cases
for silicatc mmaterial with In =] .65 40.013. Shown in Figure 12 arc the polarization
curves for the 4-spherical-monomer and 10- tetrahedral-lnonomcer “Touching” aggregates

with r,, == 0.25um.

Figure 12

The 10-tetrahedral-mon omer silicate aggregate begins to resemble the comet dust
polarization, with small positive polarization over much of the range and negative polar-
ization at phasc angles < 40° . The polarization of the aggregate is quite different from
that of an cquivalent voluimne sphere, which exhibits strong resonances and large negative
polarization. It is qualitatively similar to the small degree of polarization measured by
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Giese et al. (1978) for a fluffy particle with m= 1.5, size paraincter & 20. Comparing
the absorbing and silicate aggregates, oncsces that there is plenty of space to create a
polarization curve more closely resemnbling the comnet polarization by mixing carbonaccous

and silicate material.

Shown in Figure 13 is an example for the 1 0-tctrahedral-monomer “Touching” ag-
gregate with rp,, = 0.25pm. The ratio of carbonaceous to silicate aggregates is 5.75, in
order to give roughly equal contributions to thescattered light, and wc have computed the
weighted average. Clearly, this inixturc gives rcasonable fits to both the negative polar-
ization of a fcw percent near the backscatter direction and mmoderate positive polarization
peaked around 8, = 90°. Our result is consistent with the cvidence fromIDPs and from
the Halley dust composition analyzer (Kissel et al 1 986) that comet dust is a mixture of

both carbonaceous and silicate matcrial.

Figure 13

3.4 Phase I'unction

Plasc functions of our two groupsof aggregates arcdisplayed in Figure 14. Comn-
putational paramecters are the same as those in the preceding section, namely, monomer

size ry, = 0.25pum and m = 1.88 + 0.71zat A=-0.6pum. Wehave followed the definition
of phase function in Bohrenand Huflman (1983) as p:@—:: Lﬁ‘ﬁnﬂT\VhCl‘C the differential

scattering cross section .d_%lu. - §k1§l and Sy; is the first element of the scattering natirx.
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Figure 14

Clearly phase functions exhibit less variations withregard to aggregate structure, size
and monomer shape. Structure in the phase function at internediate scattering angles,
characteristic of the scattering by single spheres, is sitnoothed out for the aggregates. For
aggregates of the same spatial structure but different monomer shape, their phase func-
tions arc very similar. The width of the forward scattering lobe is related to the total cross
scction of the aggregate, rather than to the size of the monomers, i.e., 10-monomer aggre-
gates have narrower but stronger lobes than4-monomer aggregates having the same size
monomersand the forward scattering lobe is broader for the overlapping aggregates than
for the “Touching” or “Scparated” aggregates. For the “Touching” and “Separated” aggre-
gates, an equivalent-vo lume sphere docs not match the forward scattering; anecquivalent

area sphere would bea better approximnation (e.g. West 1991).

For the aggregates of absorbing material as above, wc find very little increase in the
phase function near the backscattering direction; the ratio J7(1 80°)/1(1500) is, at most, 1.2.
This contrasts with the comct phase function, where the rise fromn 150° to 1 SO°is about a
factor of 2 (Minis et al. 1982). It also contrasts withthe laboratory incasurements of the
scattering by soinewhat larger absorbing aggregates, size paramecter 20 - 30 (Hanner et al.

1981; Giescet al. 197 S), which exhibit a backscattering rise of a factor ~ 1.7.

Silicate spheresshowa strong backscatter rise. Yet, themecasured phase functions for

aggregates wWith m=1.5 and 2 ~ 20 are flat (Gicse et al, 1978; Hanner ct al. 1981). Figurc
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15 presents our compruted phase functions for “Touching” aggregates of 10 tetrahedral

silicate monomers, m = 1.65 + 0.01z and r,, = 0.25pem. Theratio 1(1800)/1(1500) is1.4,

larger than that of absorbing aggregates.

Figure 15

Figure 16 is the phase function for the inixture of carbon and silicate aggregates as in
Figure 13. It also shows a rise near the backwarddirection. The ratio 1(180°)/1(1500) is
around 1.4 too. Thus, this mixture can give an approximate inatch to both the polarization

and phasc function at large € for the comnet ary dust.

Figure 16



4 Conclusions

In this paper, we have investigated scattering properties of aggregates, emphasizing
the size of constituent monomers comparable with the wavelength of visible light. This
has differentiated our study from previous investigations of aggregates in which the size
of the monomers was much smaller than the wavelength. Our iain motivation has been
to modcl the scattering properties of cometary dust analogs. Comctary dust particles
arc cxpected to be aggregates of compact grainsa few tenths of a micron indiamecter,
based on the structure of chondritic aggregate 1DPs. Our results arc also relevant to other
astrophysical environments in which grain growth by aggregation has occurred, such as

accrction disks surrounding young stellar objects.

Absorption cross sections of the aggregates tend to haveless steep slopces towards
longer wavelength, Cqps~A"1. The steepncess, however, is influenced by aggregate struc-
turc and monomer shape. “lT'ouching” aggregates (Porosity =~ 0.6) appear to deviate the
most fromequivalent volume spheres. An irregular monomer shape like a tetrahedron also
makes the slopes of the aggregatesmuch flatter. This leads to an enhanceinent of absorp-
tion at A> 100~17n, which has a direct implication on estimating the mass of circumstellar

disks froin the observed subinilliineter flux.

The diflference in the absorption by aggregates from that of compact spheres also
affects modelling the equilibrium temnperature of cometary dust in the solar radiation field.
Aggregates of carbonaccous material arc cooler than the individual monomers, because the

aggregates radiatc morc efficiently in the infrared. But, when the porosity is high, (~ 0.8
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or higher) the temperature will be closc to the monomer temperature. These results arc
also applicable to determining the temperature versus distance from the central star in

accrction disks or debris disks such as g Pictoris.

Comctary dust produces negative polarization of a fcw percent near the backscatter
direction. Wc have scarchedfor negative polarization near the backward direction for
arange of aggregate size and structure, taking care to average over a large number of
orientations to make the modelling results reliable. It is evident from our computational
results that the old practice of using volume-cquivalent spheres to represent the polarization
by aggregates is mislcading and, most of the tune, erroncous. The polarization is sensitive
to theshapeand size of the constituent monomers as well as to the fine structure of the
aggregat C.

Gencerally, aggregates of highly absorbing inaterial produce strong positive polarization
arou nd 6, = 90°, but no ncgative polarization near the backward direction. On the
coutrary, silicate aggregates arc theinajor source of strong negative polarization at larger
scattering angles. Wc have been able to mix the aggregates of both carbon and silicate
and the resultant polarization curve (Figure 13) largely resemblesthe observation for
comets (Figure 6), especially the negative polarizationat 8, < 20° and the maximumn peak
around 6, = 90°. The same mixture of carbonaceous and silicate aggregates also gives a
rcasonable rise of the phase function near the backward direction, which is consistent with

both observation and experiment.

Thus, we find that aggregates with constituent inonomersa few tenths of a micron in
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size and withintermediate porosity (= 0.6), asrepresented by our “Touching” aggregates,
arc a reasonable analog for comet ary dust. That is, the chondritic aggregate 11DPs thought
to originate from comcts arc generally consistent with the observed scattering properties
of cometary dust.
A cknowledgements

This rescarch was supported at the Jet Propulsion Laboratory, California Institute
of Technology, under contract with the National Aecronautics and Space Adininistration
(Planctary Atmospheres Program). The Cray supercomputers used in this investigation
were provided by funding from NASA oflices of Mission to Planctary Farth, Acronau-
tics, and Spacc Science. The DDSCAT nuinerical code (version 4b) was obtained from
fip://astro.princeton.edu/draine/scat/ddscat /verdb.Z. Xing was supported by a

National Rescarch Couneil Postdoctoral Fellowship.

28




References

Bazell, D., Dwck, E., 1990, Ap J 360, 142

Bohren, C. F., Huflian, D.R., 1993, Absorption and Scattering of Light by Sinall Particles,
John Wiley & Sons, New York

Browlee, D. E., 1985, Ann. Rev. Earth Planet. Sci. 13, 147

Draine, 3. T., 1988, ApJ 333, 848

Draine, B.T., Goodman, J. J., 1993, ApJ 405, 685

Draine,B.T.,Flatau, I'..J., 1994, J. Opt. Soc. Am. A 11, 1491

Edoh, O. 1983, PL.D. dissertation, Dept. of Phys., Univ. of Arizona

Giese, R.H., Weiss, K., Zerull, R. H., Ouo, ‘I'. 1978, A & A 65, 265

Gocedecke, G.H.,O’Brien, S. G, 1988, Appl. Optics 27, 2431

Goodman, J. J,, Draine, B.'T., Flatau, P. J., 1991, Optics l.ctters 16, 1198
Hage, J. I., Greenberg, J. M., 1990, ApJ 361, 251

Hanner, M. S., Giese, It] 1., Weiss, K., Zerull,R., 1981, A & A 104, 42
Hanner, M. S., 1983, in Comctary Exploration, cd. T.1. Gomnbosi, Vol 2, p.1
Harrmgton, R.F., 1968, Ficld Computation by Moment Methods, Macinillan, Ncw York
Kissel, J. ¢t al, 1986, Nature 321, 280 and 336.

Kozasa, T., Blumn, 1., Mukai, T.,1992, A & A 263, 423

Kozasa, ‘I, 13111111, J., Okamnoto, H., Mukai, q’., 1993, A & A 276, 278
Levasscur-Regourd, A .C., Hadamecik, E., Benard, J.13.,1996, A & A, in press
Meakin, 1'., Donn, B.,1988, ApJ 329, 1,39

29




Minis, R. L., A’Hearn, M. 1?. and Thompson, . T, 1952, AJ 87, 1310
Praburamn, G., Goree, J., 1995, ApJ 441, 830

Purcell, E.M., Pennypacker, C. R, 1973, ApJ 186, 705

West, R. A., 1991, Appl. Optics 30, 5316

Zerull, R. H., Gustafson, R. A. S., Schulz, K., Thicle-Corbach, E., 1993, Appl. Optics 32,

4088

30




Figure Captions

Fig. 1. 1 0-monomer aggregates represented indipole arrays.

Fig. 2. Wavelength-dependent refractive indices for glassy carbon (Edoh 1983).

Fig. 3. Cross scctions per volume versus wavelength for 10-monomer aggregates of glassy
carbon. r,,= 0.25pm. (a) Caps/V,(b)Csca/V,(c) Ceri/V. For detailed description of
various symbols, please sccthetext. The curves for aggregates of tetrahedralimonomers
anda single tetrahedron have been shifted by a factor of 100.

Fig. 4. Cross sections per voluine versus wavelength for 1 0-inonomer aggregates of glassy
carbon. r,, - 0.5um. (@) Cus/V,(b) C, ./V, (c) Cert/V.

Fig. 5. Equilibrium temperature modelled for 10-monomer aggregates. (a) 7, = 0.25um,
spherical inonomer; (b) ., = 0.25um, tetrahedral monomer; (¢) 7., = 0.5um, spherical
1110110111C1; (d) 7, = 0.5} um, tetrahedral monomer. Short dashed line: Overlapping, Long
dashed line: Touching) Dash-clot line: Separated, Thin solid line: Single sphere, Thick
solid line: Single tctrahedron, Thin solid line with “BB”: Blackbody.

Fig. G. Observed dcgree of polarization] incoinets. Levasseur-Re gourd et al. 1 996

Fig. 7. Dcgree of polarization for a single tetrahedron. m =. 1.88 -t 0.71 7,755 =
0.25pn (a) at a few orientations sclected randomly; (b) averaged over only ¢ angle; (c)
averaged over f,6and ¢ angles (d) difference between (16, 9, 32) orientations and the
other averages.

Fig. 8. Degree of polarization for 4-monomer aggregates compared with that of sill-
gle monomer and cquivalent-volume spheres. Monomer size v, = 0.25pm. Left column:
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curves for aggregates and single monomer; Right coluinn: curves for equivalent-volume
spheres, numbers labeled arc equivalent-volumne radii. (a) spherical monomers; (b) tetra-
hedral monomers.

Fig. 9. Similar to Figure 8, but for 10-monomer aggregates. Monowner size r,,== 0.25pm.
(a) spherical monomers; (b) tetrahedral monomers.

Fig. 10. Degree of polarization for 4-11lonomcx “Touching” aggregates comparcd with
that of cquivalent-voluine sphere. Monomer size r,, == 0.5um.(a) spherical monomer;(b)
tetrahedral monomer.

Fig.11. Comprison between degrees of polarization calculated for different p == |m|kd
values for 1 0-spherical-monomer “Touching” aggregate. m = 1.88 + 0.71:, A = 0.6m and
rm = 0.25pm.

Fig. 12. Decgree of polarization for silicate “Touching” aggregates and all cquivalent”
volumne sphere. Monomer size r,, =- 0.25pm, m = 1.65 4 0.017 and X = 0.6pm. (a)
4-spherical-1nonomer aggregate; (b) 10 tetrahedral nonomers.

Fig. 13. Dcgree of polarization averaged for silicate and carbonacecous 10-tetrahedral-
monomer “Touching” aggregates. Carbon: Silicate = 5.75.

Fig. 14. Phase function for 4-1 Il0110111cl’ and10-monomner aggregates.r,, = 0.25um,
m = 1.88 4+ 0.717. Solid line: sphericalmonomers; dotted line: tetrahedral inonomers;
dashed lines: cquivalcllt-volume sphere.

Fig. 15. Phasc function for silicate 10-tctrahedral-monomer aggregate. r,, = 0.25pm,
m=1.65 -1 0.01¢
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Fig. 16. DPhase function for a mixture of silicate and carbonaccous 10-tctrallcdxal-

1I101101I1CI aggregate.r,,=— 0.25/1771.
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Table 1 Parameters of Aggregates for Cross Section Calculation

Aggregates of 10 spherical monomers

Aggregate D/r, N, | N, | Ny, | P Teff
Overlapping 1 3936 672 5616 0.30 0.9013
Touching 2 6361 636 17256 0.63 1.0077
Scparated 3 6957 696 33552 0.79 1.0077
Agprepates of 10 tetrahedral monomers

Aggregate D/ry, N, I N,. N I’ Teff
Overlapping 1 4179 744 8144 0.49 0.8888
Touching 2 6395 645 20672 0.69 1.0077
Separated 3 6413 641 44720 0.6 1.0077

D: Center-center distance between the surrounding monomer and the central one.

.. cquivalent-voluine radius of monoimner.

N,,: Number of dipoles in aggregate
N,,.: Number of dipoles per monomer

Ny:Number of dipolesina big imaginary sphere enclosing aggregate
I’: Porosity defined as 1-N, /Ny

re f f: Kquivalent-voluine radius of aggregate with r,, = 0.5um




Table 2 Paramecters of Aggregates for Degree of Polarization Calculation
Az 0.6pm, m=1.88 4 0.71;
T =0.25pm, 2, =k, 20 2.61799

4 Spherical Monomers

Aggregate D/rp N, | Extent(Extended) I Teff Teyy P
Overlapping 1.0 15514 35 x 35 x 30 (36 x 36 x 30) 0.3592 3.76111 0.4885
Touching 2.0 20287 48 x 50 x 38 (48 x 50 x 40) 0.3969 4.15581 0.4936
Scparated 3.0 20095 61 x 63 x 46 (64 x 64 x 48) 0.3969 4.15581 0.4952
4Tetrahedrall M wmomers _
Aggregate D/ry, No | Extent(Extended) | resy | xess | r|
Overlapping 1.0 15536 49X46X44 (50X48X45) 0.3592 3.76111 0.4883
Touching 2.0 21016 64x60x52 (64x60x54) 0.3969 4.15581 0.4878
Separated 3.0 20883 76X74X61 (80X75X64) 0.396'3 4,15581 0.4952 |
10 Spherical Monomers
”””””””” —Ext oxt d d\ Te
Aggregate | Dfra | Mo | Fxtent(ixtended)—=ress vy 1 r |
Overlapping 1.0 | 31456 41X41X40 (45x45x45) 0.4440 4.65375 0.4776"
_Touching 2.0 50786 58x59x62 (60x60x64) 0.5386 5.64030 0.4934
10 Tetrahedral Mouoruers
Aggregate D/rn N, | Extent(Extended) I Tefs | Tess | p |
Overlapping 1.0 | 20215 | 57 x46 x 56 (60 x 48 x 60) | 04440 | 4.65375 | 0.4776 ‘
Touching 2.0 48867 T4 x 62 x 74 (75 X 64 x 75) 0.5386 5.64030 0.4998

D: Center-center distance between the surrounding monomer and the central one

r,,,. Equivalent-volume radius of monomer

Ng:Number of dipoles in aggregate

Extent: Kxtent of aggregate in 3-dimensional space

Fxtended: Extent of latitce required by the DDA code

7es: Iiquivalent-volume radius Of aggregate

-Tejj = 2777'2]]/A
p = Jmlkd

d: dipole spacing
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